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Abstract. After the jet break at t ∼ 1.4 days, the optical afterglow emission of the long-short burst GRB 060614
can be divided into two components. One is the power-law decaying forward shock afterglow emission. The
other is an excess of flux in several multi-band photometric observations, which emerges at ∼4 days after the
burst, significantly earlier than that observed for a supernova associated with a long-duration GRB. At t > 13.6
days, the F814W-band flux drops faster than t−3.2. Moreover, the spectrum of the excess component is very soft
and the luminosity is extremely low. These observed signals are incompatible with those from weak supernovae,
but the ejection of ∼ 0.1 M⊙ of r−process material from a black hole-neutron star merger, as recently found
in some numerical simulations, can produce it. If this interpretation is correct, it represents the first time that
a multi-epoch/band lightcurve of a Li-Paczynski macronova (also known as kilonova) has been obtained and
black hole-neutron star mergers are sites of significant production of r−process elements.
1 Introduction
Recently, the Laser Interferometer Gravitational-wave Ob-
servatory (LIGO) was replaced with advanced detectors,
the new version known as "Advanced LIGO" has been in
operation. The most promising detections of gravitational
waves are expected from collisions and coalescences of
neutron stars (NSs) or black holes (BHs). People paid
special attentions on the short-duration (<2s) gamma-ray
bursts (GRBs), because they are believed to originate from
coalescences of NS binaries or NS−BH binaries, and can
be precisely localized if their prompt-emission/afterglows
are detected. The evidence for the compact-object merger
origin of short GRBs are growing [1]. Before the suc-
cessful detection of the gravitational wave radiation, a
“smoking-gun" signature for the compact-binary origin
of a GRB would be the detection of the so-called Li-
Paczynski macronova (also called a kilonova), which is a
near-infrared/optical transient powered by the radioactive
decay of r−process material synthesized in the ejecta that
is launched during the merger event [e.g., 2–4]. Before
2015, just one macronova candidate had been detected in
GRB 130603B and such a detection was mainly based on
an single epoch observation of Hubble Space Telescope
(HST) [5, 6].
With a duration shorter than 0.2 seconds and without
any hint for an extended emission, GRB 130603B is a clas-
sical short hard GRB and its association with a macronova
is anticipated. However, the situation of GRB 060614 is
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much more complicated. It is a nearby burst with a du-
ration of 102 seconds at a redshift z = 0.125 [7], and
has been classified as a long burst according to its dura-
tion. However extensive searches did not find any super-
nova (SN)-like emission down to limit hundreds of times
fainter than SN 1998bw [8], the archetypal hypernova that
accompanied long GRBs [9–11]. Moreover, the tempo-
ral lag and peak luminosity of GRB 060614 fall within
the short duration subclass and the properties of the host
galaxy distinguish it from other long-duration GRB hosts
[7, 11]. Hence a new classification scheme seems to be
needed and it has been called a long-short burst. The phys-
ical origin of this type burst has been debated over years
[9, 12].
Recently, a significant F814W-band excess compo-
nent was reported in a re-analysis of the late time optical
afterglow data [13] of the peculiar event GRB 060614 and
has been interpreted as a Li-Paczynski macronova. Like
GRB 130603B, such a candidate was mainly based on a
single epoch HST observation. In a very recent work by
Jin et al. [14], the analysis has been improved by consider-
ing a possible time evolution of the macronova component
and modeling the entire afterglow dataset accordingly. As-
suming that only the data in the interval of 1.7- 3.0 days
are due solely to the forward shock (FS) emission, and us-
ing these data to determine the single power-law decline
of the afterglow, the FS component is subtracted from the
observational data, a significant excess appeared in multi-
wavelength bands at t > 3 days [14]. In this proceeding
paper we summarize the findings made in [13, 14] and dis-
cuss their implications.
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Table 1. The excess component of GRB 060614 (adopted
from Jin et al. [14])
Time from GRB Filter Magnitudea
(days) (Vega)
7.828 VLT V (25.6±0.6)
3.869 VLT R (25.3±0.6)
4.844 VLT R 24.9±0.3
6.741 VLT R 25.3±0.3
10.814 VLT R (26.5±0.8)
14.773 VLT R (27.2±1.0)
3.858 VLT I 23.7±0.4
7.841 VLT I 24.6±0.4
13.970 HST F606W (∼ R) 26.9±0.4
13.571 HST F814W (∼ I) 25.05±0.12
Note: a. The magnitudes of the extracted excess compo-
nent. The observations with errors larger than 0.5 mag
have been bracketed.
2 The data analysis result and the excess
component
The public VLT imaging data of GRB060614
are available from ESO Science Archive Facility
(http://archive.eso.org) while the HST archive data of
GRB060614 are available from the Mikulski Archive
for Space Telescopes (MAST; http://archive.stsci.edu)
including one visit with WFPC2 and four visits with ACS
in F606W and F814W bands. The details of the analysis
of the these raw data can be found in the Methods of [13]
and the results are summarized in their Supplementary
Table 1.
In order to reliably establish the presence of a distinct
HST F814W-band excess in the late afterglow of GRB
060614, Yang et al. [13] conservatively assumed that all
of the VLT data were due to the forward shock (FS) and
subsequently fitted all VLT V/R/I-band data at t > 1.7 day
with the same decline rate. In such an analysis, only one
F814W-band point at t ∼ 13.6 days was found to be sig-
nificantly in excess of (i.e., the significance is above 3σ)
the fitted FS emission. However, the fitted residuals in
Fig. 1 of [13] display an intriguing general trend: the
earlier data (t < 4 days) were usually negative (with re-
spect to the FS afterglow model), while the later data were
positive, strongly suggesting that the intrinsic FS emis-
sion decline was likely quicker than that assumed in their
model, and there was very likely to be an excess of emis-
sion at t < 13.6 days. Motivated by such a fact, we have
performed an improved analysis of the data. The main
assumption is that only the VLT data in the interval of
1.7 − 3.0 days are due to only FS emission, and we used
these data to determine the single power-law decline of
the afterglow. The physical arguments in support of such
an assumption are the following: (i) there was a jet break
at t ≈ 1.4 days [10, 15, 16], hence the data collected at
later times need be considered; (ii) at t ∼ 1.8 days a single
power-law spectrum can well describe the optical to X-ray
data [10, 15, 16], suggesting that any macronova contri-
bution to the observed flux is still unimportant; (iii) in the
interval of 1.7 − 3.0 days there were three measurements
in VLT R band and two measurements in VLT V/I bands,
with which a reliable estimate of the FS emission decline
is plausible. When we subtracted this (best-fitted) FS com-
ponent from the observational data we found a significant
excess in multi-wavelength bands at t > 3 days (see Ta-
ble 1 that is adopted from [14]). Although the dataset is
still relatively sparse, some valuable information can be
extracted:
• The I-band (R-band) flux can reach ∼ 24th mag (∼ 25th
mag), corresponding to an extremely-low luminosity ∼
1041 erg s−1, and the excess component likely peaked at
t . 4 days.
• The excess component has a very soft spectrum that can
be roughly approximated by a thermal one with a tem-
perature ∼ 2700 K.
• In the time interval of t ∼ 6 − 13.6 days the R-band
(VLT R and HST F606W) flux dropped with time much
faster than that in I-band. For t > 13.6 days the I-band
(HST F814W) flux decline got remarkably steepened
and the decline was quicker than t−3.2, which clearly did
not trace the possible flattening in X-ray band.
3 The excess component: a very weak
supernova or a macronova?
After the discovery of GRB 060614, one widely discussed
possibility/mode is that such an event was formed in a
new type of a collapsar which produces an energetic γ-
ray burst that is not accompanied by a bright SN [9–11].
The detection of a few very weak SNe (for example, SN
2008ha [17, 18]) with peak bolometric luminosities as low
as ∼ 1041 erg s−1 is indeed encouraging for such a model.
Let us compare the excess component of GRB 060614
in R-band (VLT R and HST F606W) with some core-
collapse SNe, including some GRB-associated supernovae
as well as the extremely weak event SN 2008ha (see Fig-
ure 1). The excess emission likely peaked at t . 4 days
with an absolute peak magnitude about R = −13.9 ± 0.3
(see Figure 1). Among GRB-associated SNe, SN 2010bh
(z = 0.0591) had the most rapid rise to maximum bright-
ness, in Rc-band peaking at t = 8.5 ± 1.1 days after GRB
100316D and the peak magnitude is Rc = −18.60 ± 0.08
[19, 20]. SN 1998bw (z = 0.085), the prototype of GRB-
associated SNe, peaked at 17.3±0.2 days and the absolute
magnitude reaches −19.36 ± 0.05 in R-band. Even com-
pared with SN 2008ha (at a distance of 21.3 Mpc) that had
been suggested to be the weakest core-collapse SN [17]
with absolute magnitude reaches R = −14.31 ± 0.15 [18],
the peak magnitude of excess component is just compara-
ble. Moreover, the R-band decline of the excess compo-
nent is very fast, which took only about 10 days to decline
by 2 magnitudes. However for SN 1998bw, 2008ha and
2010bh, the decease of the R-band emission by 2 magni-
tudes took much longer time.
In Figure 2 we compare the spectrum of the excess
component in GRB 060614 at t ∼ 13.6 days with that of
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Figure 1. The excess component in the afterglow of GRB
060614 compared with some core-collapse SNe. The data of
excess in GRB 060614 are adopted from [14]. The data of
SN 1998bw, the prototype of SN associated with GRB, is taken
from [8]; the data of SN 2010bh, the most rapid to reach the
peak SN associated with GRB, is taken from [19]; and the
data of SN 2008ha, the weakest core-collapse SN known so
far, is taken from [18]. The dashed lines are macronova model
lightcurves generated from numerical simulation for the ejecta
from a BH−NS merger, with a velocity ∼ 0.2c and mass Mej ∼
0.1M⊙, by [4], with shadows represent a possible uncertainties of
0.5 magnitudes. The light curve of the excess component is rea-
sonably in agreement with the macronova model, however are
quite different to those core-collapse SNe.
SN 2010bh. Fitted by a blackbody spectrum, the tempera-
ture of the excess component is estimated to be ∼ 2700−500
+700
K. It is much lower than SNe at the same time scale, typ-
ically ∼ 5000 − 10000 K[10, 19], but it is similar to that
expected at the photosphere for the recombination of Lan-
thanides, which is T ∼ 2500 K [3].
All the above facts strongly suggest that the excess
component in GRB 060614 is incompatible with being a
weak supernova. In the rest of this work we focus on the
other possibility, i.e., it is a Li-Paczynski macronova.
4 Macronova: from the merger of a
neutron star binary or a neutron
star−black hole binary?
In general a macronova could be powered by either a
binary neutron star merger or a neutron star−black hole
merger. The major differences of the ejecta from these two
type of progenitors are [21]: 1) sometimes the NS−BH
mergers eject much more material than the NS binary
mergers; 2) the NS−BH merger ejecta is more colli-
mated than the NS binary merger ejecta. As a result,
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Figure 2. The observed SED of the excess component in GRB
060614 compared with the observed spectrum of SN 2010bh.
The excess component in GRB 060614 [14] and the spectrum
of SN 2010bh [20] is taken at 12.1 days and 12.7 days in rest
frame, respectively. The spectrum of SN 2010bh has been shifted
to z = 0.125 and rescaled to match the flux of the excess com-
ponent. A T = 2700 K blackbody spectrum is also plotted for
comparison (red dotted line), here the small extinction from the
Galaxy (AV=0.07) and the host galaxy (SMC like, AV=0.05) has
been considered to fit for observations.
the macronova powered by an NS−BH merger could be
much more luminosity and bluer and lasts longer than
the macronova powered by an NS binary merger (for in-
stance, see [4]). In principle it is possible to distinguish
between NS−BH and NS binary mergers with a multi-
band/epoch macronova observation. As shown in Figure
1, a macronova model lightcurve generated from numeri-
cal simulation for the ejecta from a BH−NS merger, with
a velocity ∼ 0.2c and mass Mej ∼ 0.1M⊙, by [4], can
reasonably reproduce the data. To account for the ex-
cess component (in particular the F814W-band excess at
t ∼ 13.6 days after the burst) in the NS-NS merger sce-
nario, a Mej & 0.2M⊙ is needed. Such a large Mej is well
beyond the ejecta mass range found in the NS-NS mergers
[21] and is thus disfavored.
Therefore, the macronova associated with GRB
060614 is likely from an NS−BH merger with very high
ejecta mass, while an NS binary merger seems unable to
account for the blue SED as well as the long-duration
of the macronova [13, 14]. For the macronova signal in
GRB 130603B, due to the absence of a multi-epoch/band
lightcurve, either a NS-NS merger or a NS-BH merger
model can reproduce the data [21].
5 Discussion
GRB 060614 was a unique burst straddling both long- and
short-duration GRBs and its physical origin was heavily
debated over the years [7, 9–12]. Recently, a very-soft
F814W-band excess at t ∼ 13.6 days after the burst was
identified in a joint-analysis of VLT and HST optical af-
terglow data of GRB 060614 [13]. It is the first time to
identify a macronova signature in a long-short GRB. An
improved analysis of the same set of data reveals a signifi-
cant excess component emerges at ∼4 days after the burst,
and present in several late multi-band photometric obser-
vations [14]. Such a signal is clearly incompatible with a
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very weak supernova (see Figure 1). Instead the ejection of
∼ 0.1 M⊙ of r−process material from a black hole-neutron
star merger, as recently found in some numerical simu-
lations, can produce it. The binary neutron star merger
model is also found to be in tension with the data, either.
Therefore we suggest that the excess component identified
in [13, 14] represent the first multi-epoch/band lightcurve
of a Li-Paczynski macronova.
The black hole-neutron star merger interpretation has
quite a few far reaching implications [13, 14]:
• The presence of macronovae in both the canonical short
burst GRB 130603B and in this ‘long-short’ one, GRB
060614, suggests that the phenomenon is common and
serves as promising electromagnetic counterparts of
gravitational wave triggers in the upcoming Advanced
LIGO/VIRGO/KAGRA era. A conservative estimate
of the macronova rate is ∼ 16.3+16.3
−8.2 Gpc
−3yr−1, im-
plying a promising prospect for detecting the gravita-
tional wave radiation from compact object mergers by
upcoming advanced detectors, i.e., the rate is RGW ∼
0.5+0.5
−0.25(D/200 Mpc)3 yr−1.
• A black hole-neutron star merger is favored over the bi-
nary neutron star merger in explaining the excess com-
ponent, favoring the presence of such binary systems.
• The so-called ‘long-short’ burst arose from a merger and
not from a collapsar. It was in fact ‘short’ in nature. The
fact that a black hole-neutron star merger generates a
∼ 100 s long γ−ray activity is intriguing by itself.
• The energy source of the Li-Paczynski macronovae is
the decay of some unstable r−process material. The
successful detection of macronovae strongly suggest
that such events contribute a significant fraction of the
r−process material, which is in support of the model of
[22, 23].
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